During the late 1970s, the El Niño-Southern Oscillation (ENSO) experienced a notable regime change, manifested by a change in amplitude, dominant ENSO period, and sea surface temperature anomaly (SSTA) propagation characteristics. The present study shows that these features of the ENSO regime change are associated with property changes of the canonical ENSO, i.e., cold-tongue (CT) type ENSO. Another signature of the ENSO regime change is manifested in the frequent occurrence of a warm-pool (WP) type ENSO that accompanies SSTAs centered over the central Pacific near the WP edge and exhibits characteristics differing from those of the CT ENSO. The distinct manifestations of the two types of ENSO detected in this ENSO regime change are clearly identifiable with the removal of the strong background decadal signal. Since the late 1970s, the WP ENSO has featured a weak eastward (westward) propagation of the SSTA center in the developing (decaying) phase, which makes no net contribution to the observed eastward propagation, and a 2̶3 yr period compared to the 4̶5 yr period of the CT ENSO. Observations strongly suggest that the WP and CT ENSO are independent quasi-biennial and quasi-quadrennial modes, respectively, of the tropical Pacific climate variability. Our observations also suggest that these two ENSO modes have coexisted actively since the late 1970s when either El Niño or La Niña can be separated into the two types.
Introduction
The El Niño-Southern Oscillation (ENSO) is the dominant mode of natural climate variability in the tropical Pacific, occurring on interannual timescales.
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In the late 1970s, the ENSO regime experienced a major change An and Jin 2000; Fedorov and Philander 2000; Wang and An 2001) . The dominant period of the ENSO cycle changed from a high-frequency regime during 1960s̶1970s to a lowfrequency regime during 1980s̶1990s. The ENSO amplitude increased, which was accompanied by significant changes to the spatiotemporal structure of the ENSO. Before the late 1970s, the warm equatorialPacific SSTAs propagated westward (Rasmusson and Carpenter 1982) ; after 1980, the warm SSTAs propagated eastward or were nearly stationary with little propagation (Wallace et al. 1998) . This feature of the ENSO regime change was illustrated clearly in terms of ENSO zonal propagation changes by Trenberth and Stepaniak (2001) , and more precisely, in terms of zonal propagation changes of only the El Niño phase by other researchers (McPhaden and Zhang 2009; Ren and Jin 2011) . These changes in the ENSO properties concurred with the prominent climate shift in the North Pacific, the cause of which is still a subject of research (Trenberth and Hurrel 1994; Meehl et al. 2009 ).
In recent years, the notion of ENSO regime change is being reflected in an increasing number of studies suggesting that, in addition to the canonical coldtongue (CT) type El Niño, there is a different type of El Niño/ENSO named "Dateline El Niño" (Larkin and Harrison 2005a, b) , "El Niño Modoki" Weng et al. 2007 ), "Central-Pacific ENSO/El Niño" (Kao and Yu 2009; Yeh et al. 2009) , and "Warm-pool El Niño/ENSO" Ren and Jin 2011) . Despite using different names, these studies more or less described the same phenomenon. In this paper, we use the terminology "Warm-pool (WP) ENSO". The WP ENSO, with different teleconnections and climate impacts from the CT type Kim et al. 2009; Zhang et al. 2012) , has occurred frequently in the past 30 years ) and may continue to do so in a warming climate (Yeh et al. 2009 ).
In the ENSO regime after the late 1970s, both CT and WP ENSO types have been actively coexisting (Ren and Jin 2011; Takahashi et al. 2011; McPhaden et al. 2011) , reminiscent of the two leading ENSO-like modes coexisting under current climate conditions. Bejarano and Jin (2008) , in their theoretical study of the ENSO regime dependence on climate mean-state changes, showed that the so-called quasi-quadrennial (QQ) mode has its SSTA pattern centered in the eastern equatorial Pacific, while the so-called quasi-biennial (QB) mode has its SSTA center shifted westward (see their Fig. 5 ). They are similar to the observed SSTA patterns of the CT and WP ENSO, respectively. In this study, we differentiate the contributions of the two ENSO types to the ENSO regime change in the late 1970s and examine the correspondence between the two types and the two modes.
Data
The sea surface temperature (SST) dataset used was the improved Extended Reconstructed SST version 3b (Smith et al. 2008 ) from the National Climate Data Center at the National Oceanic and Atmospheric Administration (NOAA). This study focused on the period of Jan 1950̶Feb 2011. Traditional Niño3 and Niño4 SSTA indices (N3I and N4I) were obtained from the Climate Prediction Center/NOAA. To effectively capture the spatiotemporal features of the two types of ENSO, Ren and Jin (2011) defined the WP and CT Niño indices (WPI and CTI) by introducing a transformation of N3I and N4I. As seen in Fig. 1 , WPI has a strong decadal timescale (~8̶16 year period) in its spectra besides the interannual timescales, compared to CTI. This feature can also be seen in the spectra of the El Niño Modoki index (EMI) devised by Ashok et al. (2007) and in the central Pacific ENSO index (CPI) of Kao and Yu (2009) . This is consistent with the result of Weng et al. (2007) . Furthermore, two statistically significant (90% confidence level) peaks were visible on interannual timescales (2̶3 and 4̶5 yr periods). Kao and Yu (2009) noted a near 2 yr period peak in their CPI. We argue here that the strong background decadal variability, evident in these indices, may have biased previous analyses of both the WP ENSO and the ENSO regime change, which was first noted by Ren and Jin (2013) in examining the mechanism of WP ENSO. To focus solely on the interannual variability, this study used high-frequency (HF) indices created by removing the decadal timescale (above 6 years). It can be roughly seen in Fig.  1 that HF-WPI depicted a period shortening since the late 1970s, with the HF-CTI quite similar to the CTI.
Results
The zonal phase propagation changes of SSTAs along the equator are an important indicator of the ENSO regime change ( Figure 2a shows a similar but more robust ENSO regime change relative to Fig. 4b of Ren and Jin (2011) . The HF-CTI leads the HF-WPI by approximately 4̶5 months, with high positive correlations before the late 1970s, capturing the well-known westward propagation of El Niño SSTAs (Rasmusson and Carpenter 1982) . These significant correlations, however, disappeared sharply in the late 1970s. Instead, positive correlations appeared at an 8̶10 month lag after the late 1970s, which reflects a clear but weak eastward propagation. In contrast, a westward propagation has dominated the La Niña phase for the past 6 decades (not shown). This indicates that one major feature of the ENSO regime change in the late 1970s is the observed propagation change of El Niño from westward to eastward.
The overall low correlation in Fig. 2a , at almost all lags after the late 1970s, clearly suggests the potential independence of the two ENSO types. This was also discussed by Ashok et al. (2007) . It is confirmed by the contrast between the situations before 1980 and after 1980 (Figs. 2b and 2c) ; either the El Niño or La Niña states since 1980 tend to be separated into the two groups that correspond to the positive or negative phase of the two different ENSO types. It is also apparent that two major features indicate the ENSO regime change (see the colored number pairs). The first is that WP El Niño has been occurring more frequently than CT El Niño since 1980, with a slight increase in amplitude (Lee and McPhaden 2010) . The second is that CT El Niño became much stronger after 1980. These features motivated us to focus on the distinct contributions of the two ENSO types to the regime change. Figure 3 depicts the evolution of the equatorial SSTAs to clarify typical characteristics and changes of the El Niño phase propagation in terms of the two different ENSO types. In Fig. 3a , the WP El Niño features a short duration and a weak eastward propagation of positive SSTAs during its developing phase. The figure also clearly illustrates that the maximum remains near the central Pacific, notwithstanding the extension of the warming slightly eastward during the mature stage, as is observed in some cases during boreal winter ). After removing the two strongest CT El Niño events (1982/83 and 1997/98), a weak westward propagation of WP El Niño after 1980 is visible, significantly so during its decaying phase (not shown). Due to the approximate symmetry between the eastward and westward propagations with respect to lag 0, the pure WP El Niño makes no net contribution to the observed eastward propagation of El Niño since 1980 (Fig. 2a) . Before 1980, the HF-WPI-related positive SSTAs initiated in the eastern Pacific, propagated westward, and matured near the dateline (Fig. 3b) . The CT El Niño shows a similar westward propagation before 1980 (Fig. 3d) , but an eastward propagation, with an associated amplitude increase, after 1980 (Fig. 3c) . These results suggest that El Niño propagation and amplitude changes occurring in the late 1970s are Vol. 91, No. 6 Journal of the Meteorological Society of Japan 838 primarily due to the CT El Niño property change. The similarity between the patterns in Figs. 3b and 3d reflects the strong westward propagation of ENSO, as seen in Fig. 2a , and thus the predominance of the CT type before 1980, notwithstanding during the time, a few WP El Niño-like events might have occurred Yu and Kim 2010) . Another apparent feature in Fig. 3 is the change in duration of positive SSTAs. After 1980, the WP El Niño persisted for a shorter period and the CT El Niño for a longer period (which is quantitatively presented in Fig. 4 ), compared to pre-1980, when the El Niño SSTAs had similar durations irrespective of the type. This may indicate a similar change in ENSO periodicity, which is confirmed by power spectrum analyses, as shown in Fig. 4 . In this study, the period bands are assumed significant simply if they have a spectral change of more than 100%, instead of based on a statistical test. The most significant feature of the CT ENSO is the intensification of the power spectrum and the increase of the interannual timescale from a 3̶ 4 yr period before 1980 to a 4̶5 yr period after 1980. Furthermore, it is clear that the WPI has a dominant interannual scale spectral peak at a 2̶3 yr period after 1980. This is even more pronounced after 1990 when more WP El Niño events occurred (McPhaden et al. 2011 ), compared to the 4̶5 yr period before 1980. Such a significant ENSO periodicity change strongly indicates the correspondence between the two observed ENSO types and the two leading ENSO modes, QQ and QB, suggested theoretically by Bejarano and Jin (2008) . That is, the QQ mode dominated before the late 1970s, which mostly occurred as the CT ENSO (note that it remains controversial whether the WP ENSO existed at that time). After the late 1970s, the QB mode emerged as the WP ENSO type with increasing occurrences, coexisting with the QQ mode that appears as the stronger CT ENSO type, with a slightly longer period than it previously had.
Summary and concluding remarks
As stated in the introduction, many studies have revealed changes in ENSO properties occurring in the late 1970s and an increasing number of studies suggest that a different ENSO type (WP ENSO), in addition to the canonical CT ENSO, has occurred frequently in the past 30 years. These studies appear to reveal the same phenomenon: The ENSO regime change in the late 1970s was not only a change in ENSO properties but also in the dominant ENSO modes. We have demonstrated in this study that the ENSO regime change since the late 1970s is predominantly manifested by the two types of ENSO: The dramatic changes of the CT ENSO properties, which are consistent with previous studies (e.g., An and Wang 2000) , and the frequent occurrence of WP ENSO events, which demonstrates the emergence of an independent mode coexisting actively with the CT ENSO in the tropical Pacific.
This study has clarified the roles of the two ENSO types in manifesting the ENSO regime change by removing the decadal variability, which is strong enough in the central Pacific to obscure certain characteristics of the WP ENSO. The CT ENSO was mainly manifested by changes in the properties including the intensification of the amplitude, lengthening of the period, and a tendency of eastward propagation after the late 1970s. The typical WP El Niño has a clear extension of SSTAs to the east during its mature phase, with a westward-shifted SSTA center (relative to CT events) that propagates weakly eastward in the developing phase and westward in the damping phase, and hence makes no net contribution Vol. 91, No. 6 Journal of the Meteorological Society of Japan 840 to the observed eastward propagation since the late 1970s. Moreover, the WP ENSO typically features a 2̶3 yr period with an increasing significance and the CT ENSO features an enhanced QQ period, confirming the active coexistence of the QB and QQ modes that correspond to the two types of ENSO in the observation. It may be suggested that a complete definition of the different ENSO types must incorporate information not only on the spatial patterns, but also on the timescales. Also, it is proved that La Niña, similar to El Niño, appears to be separated into two types since 1980. This study aimed to develop a deep understanding of the ENSO regime change in the late 1970s by linking new observational evidence with previous studies, not only regarding the change in ENSO properties, but also the change in ENSO types (or ENSO mode stability). The observed ENSO periodicity changes in the late 1970s reflect the sensitivity of ENSO modes that occur in the neighborhood of codimension-2 degeneracy to climate mean state changes (Jin and Neelin 1993; Jin 1997; Bejarano and Jin 2008) . It is suggested that the essential change of the ENSO regime is likely in the stability of the two ENSO modes. Furthermore, the demonstration that the ENSO regime change in the late 1970s can be understood in terms of the WP and CT ENSO types and that the theoretical QB and QQ modes can be used to interpret the two ENSO types needs to be further validated in future studies by experiments based on the model of Bejarano and Jin (2008) .
Still, questions remain as to what caused the ENSO regime change, how the change relates to changing background conditions (e.g., Ashok et al. 2007; Kim and An 2011) , and whether the current ENSO regime will persist or be altered in a changing climate (e.g., McPhaden et al. 2011) . A recent study has reported the weakened interannual variability in the tropical Pacific Ocean since 2000 (Hu et al. 2013) . This is conceivable if WP ENSO events keep occurring actively but CT ENSO becomes inactive under the current climate conditions, and thus the total ENSO period might be shortening since 2000 (refer to the indices in Fig. 1 ). These results may imply the emergence of another ENSO regime change, which is worthy of further study. Moreover, it should be stressed that decadal signals need to be removed from data when clarifying the typical WP ENSO features and related issues that may be biased by the background decadal variability .
